Auger decay carries valuable information about the electronic structure and dynamics of atoms, molecules, and solids. Here we furnish evidence that under certain conditions Auger electrons are subject to an energetic chirp. The effect is disclosed in time-resolved streaking experiments on the Xe NOO and Kr MNN Auger decay using extreme-ultraviolet pulses from the free-electron laser in Hamburg as well as from a high-order harmonic laser source. The origin of this effect is found to be an exchange of energy between the Auger electron and an earlier emitted correlated photoelectron. The observed time-dependent spectral modulations are understood within an analytical model and confirmed by extensive computer simulations. DOI: 10.1103/PhysRevLett.108.253003 PACS numbers: 32.80.Aa, 32.80.Hd The Auger effect [1], i.e., the emission of a secondary electron after a nonradiative decay of a deeply bound electronic core-hole, has found prevalent use as a spectroscopic tool in modern analytical instruments. It derives its capabilities from the fact that the electrons' kinetic energy is an intrinsic property of the electronic structure of the excited atom and does not rely on the energy of the exciting photon, electron, or ion. The electron emission is not monoenergetic, though; the fast-attosecond to femtosecond-decay times imply corresponding spectral widths in a range of a few tens of meV to a few eV. This time-energy correspondence suggests a uniform distribution of all energy components over time. In this Letter, we demonstrate that under spectroscopically relevant conditions, this presumption is wrong. Instead, our time-resolved experiments show evidence of an energetic chirp, i.e., a pronounced time-dependent variation of the Auger electrons' kinetic energy. A chirp is well established for photoelectron wave packets that are emitted from atoms directly after absorption of a chirped light wave packet. Since the photo-effect exactly transcribes any chirp of the light to the electron wave, this principle has become the basis for ultrafast light pulse characterization methods that take into account spectral phases [2] [3] [4] . For the case of Auger electrons, no such transcription mechanism exists; in this Letter, however, we observed a nonlinear energy chirp, which was independent of a deliberately introduced chirp of the ionizing light pulse. It appears as a consequence of the correlated motion of both photo-and Auger electrons in the Coulomb field of the remaining ion. While the underlying mechanism-also known as ''postcollision interaction'' (PCI)-has extensively been discussed in the literature [5] [6] [7] [8] [9] [10] , no attention has so far been paid to the consequence of the effect for the temporal properties of the escaping electron wave packets.
The Auger effect [1] , i.e., the emission of a secondary electron after a nonradiative decay of a deeply bound electronic core-hole, has found prevalent use as a spectroscopic tool in modern analytical instruments. It derives its capabilities from the fact that the electrons' kinetic energy is an intrinsic property of the electronic structure of the excited atom and does not rely on the energy of the exciting photon, electron, or ion. The electron emission is not monoenergetic, though; the fast-attosecond to femtosecond-decay times imply corresponding spectral widths in a range of a few tens of meV to a few eV. This time-energy correspondence suggests a uniform distribution of all energy components over time. In this Letter, we demonstrate that under spectroscopically relevant conditions, this presumption is wrong. Instead, our time-resolved experiments show evidence of an energetic chirp, i.e., a pronounced time-dependent variation of the Auger electrons' kinetic energy. A chirp is well established for photoelectron wave packets that are emitted from atoms directly after absorption of a chirped light wave packet. Since the photo-effect exactly transcribes any chirp of the light to the electron wave, this principle has become the basis for ultrafast light pulse characterization methods that take into account spectral phases [2] [3] [4] . For the case of Auger electrons, no such transcription mechanism exists; in this Letter, however, we observed a nonlinear energy chirp, which was independent of a deliberately introduced chirp of the ionizing light pulse. It appears as a consequence of the correlated motion of both photo-and Auger electrons in the Coulomb field of the remaining ion. While the underlying mechanism-also known as ''postcollision interaction'' (PCI)-has extensively been discussed in the literature [5] [6] [7] [8] [9] [10] , no attention has so far been paid to the consequence of the effect for the temporal properties of the escaping electron wave packets.
In this Letter, we investigate this temporal energy variation in detail by using a terahertz-field-driven streak camera [11, 12] , where the ionization takes place in the presence of a strong oscillating electric field. We report significantly modified widths of kinetic energy spectra for opposite observation directions and field gradients which clearly indicate a chirp. The observed spectral modulations are reproduced with semiclassical as well as quantum simulations of the dynamics of two well-timed electrons in the combined field of the remaining ion and a timevarying electric field. It turns out that the time-dependent observation of field-assisted electron-electron (e-e) collision reveals details of the electronic correlation with much higher sensitivity than the mere energy-domain approach.
In fact, our analysis shows that a significant contribution to the observed mechanism is due to an e-e collision taking place at many atomic radii-much more than typically considered in strong-field rescattering experiments [13] [14] [15] . The found effect has severe practical implications for atomic and condensed matter physics [16] and for laserassisted experiments with XUV radiation sources: since the time-energy characteristics of Auger-electron emission are used as a probe for inner-shell electron dynamics [17, 18] , and as a tool for diagnostics of ionizing light pulses [19, 20] , the found effect has to be taken into account in cases where the photoelectron carries only a small excess kinetic energy.
Recall the mechanism of the PCI effect; cf. Fig. 1 : A fast Auger electron (AE) overtakes a slower photoelectron (PE) which causes a temporal change of the effective electronion interaction potential V ei the two electrons experience. As a consequence, after passing by the PE at a distance r Ã from the ion, the AE gains (the PE loses) the energy [8] . It is obvious-and will be derived analytically below-that the amount of energy exchange must depend on the relative timing between both electrons. In the following, we extend this model to the presence of an oscillating electric field and find the dependence of ÁE PCI on the phase of this field at the instant of PE emission.
Consider an AE emitted with momentum p A at time A after the emission time t p of the PE (having the initial momentum p p ) in the presence of a streaking electromagnetic field with vector potential Aðt p þ A Þ. Upon arrival at a remote detector, it has gained an energy
(1) In the vicinity of a zero-transition Aðt p Þ ¼ 0, the sinusoidal vector potential varies almost linearly, and we can transform Eq. (1) to
where we defined _ A p ¼ dAðtÞj t¼t p =dt, and terms quadratic in A and in A (the ratio of A to the laser period T L ) have been neglected. Using Eq. (2), the temporal distribution of the AE yield,
A denotes the core hole lifetime, can be directly mapped onto an energy distribution fðÞ at the detector. This concept represents a special implementation of a light-driven streak camera [11, 21] , where temporal information is linearly transferred to an easily measurable energy spectrum. If PCI effects are neglected in Eq. (2), the resulting AE spectrum is exponential as well,
and exhibits the same width, but an opposite energy gradient, for the rising ( < 0) and falling ( > 0) slope of the vector potential, respectively (see gray curves in Fig. 2 ). We now restore the term ÁE PCI in Eq. (2) . A straightforward calculation yields
with
If the streaking field is absent, the PCI effect yields, via Eq. (2), a time-dependent energy shift of
. This spectrum, displayed by the blue curve in Fig. 2 , confirms that PCI shifts the Auger spectrum towards higher energies.
Finally, we consider the combined effect of streaking and PCI on the time-energy correspondence of the AE. For PE emission times where A ¼ 0, Eq. (2) with Eqs. (4) and (5) leads to an energy gain of
that is displayed in Fig. 2 (6), as indicated by the arrows for two Auger release times (0.3 and 9 fs). In the absence of PCI, the energy distributions in the two cases have the same shape [gray curves labeled f, Eq. (3)], deriving from the linear time-energy relation (dashed gray lines). PCI without streaking field causes a broadening of the line and shift to higher energies (blue curves f 0 PCI ). Values refer to Xe NOO Auger decay and streaking with 1 THz at experimental conditions. FIG. 1 (color) . Scheme of the PCI effect. A photoelectron (PE, created at time t p ) is overtaken by a faster Auger electron (AE, created at time t p þ A ) at time t Ã and distance r Ã from the ion. The binding potential V ei ðrÞ changes from À1=r to À2=r, for the PE, and vice versa for the AE, resulting in an energy gain (loss) ÁE PCI of the AE (PE).
positive energy shifts that exceed a threshold, 0 ¼ 2½p A j _ A p j=p r 1=2 , are realized. This indicates that PCI has a nontrivial and rather unexpected effect: in the former case, it acts towards broadening of the energy spectrum whereas, in the latter case, it gives rise to a compression of the line, which clearly indicates a nonlinear energetic chirp. This is readily verified by computing, as before, the energy distribution from the time distribution T A ð A Þ, but now using the full mapping (6) . A straightforward calculation yields, for the case _ A p > 0:
and, for _ A p < 0:
where k AE ¼ ½ 2 AE 2 0 1=2 . The two distributions f AE PCI are shown in Fig. 2 by the red curves. It is evident that the Auger spectrum f þ PCI is substantially broader than f À PCI , in agreement with the above discussion. From our analysis it is obvious that the different widths of the AE spectra at two successive zero crossings of A are a consequence of field-assisted postcollision interaction (FAPCI), i.e., e-e correlations in the combined field of the ion and the electromagnetic wave. We underline that this result holds for arbitrary initial electron momenta as long as p A exceeds p p . The strongest FAPCI is expected when p p is small since this reduces r Ã and, hence, increases ÁE PCI . For the experimental investigation of the Auger decay in a light field, terahertz (THz) streaking [11, 12] has been implemented, thus ensuring an oscillation period being much longer than the Auger decay time. The effect was investigated in experiments employing two conceptually very different light sources. In the first experiment, 13.5 nm (92 eV) XUV pulses from the free-electron laser in Hamburg (FLASH) [22] were superimposed with intense 92 m (% 3 THz) pulses from an in-line THz-undulator [23] . In the second experiment, 13.6 nm (91 eV) XUV pulses from a high-order harmonic generation (HHG) source were combined with single-cycle THz pulses from an optical rectification source [12, 24] . For details of the setups see [11, 12] . Figure 3 shows series of Xe electron kinetic energy spectra taken with a time-of-flight spectrometer in the presence of a strong THz field at FLASH. Varying the time delay between the pulses reveals the timedependent THz vector potential, which is proportional to minus the measured energy shift. One can clearly discern an asymmetry in the linewidths at the ascending and the descending slopes of the kinetic energy shift (indicated by white arrows in Fig. 3 ) for both the 4d PE and the NOO AE lines [25] . Regarding the PE, this behavior could be interpreted as a result of a negatively chirped XUV pulse [11, 12] , but for the AE this interpretation must fail. For a quantitative comparison of our experimental results with an interpretation in terms of the above introduced PCIinduced energy chirp, we focus on the measurements performed with the laboratory HHG þ THz source, because the fluctuating temporal profile and the complex pulse structure at FLASH [11, 22] complicate the analysis. However, we underline that the qualitative response of the Auger spectra on the THz field is very similar for both types of light sources. Xe NOO Auger spectra were measured in three different configurations using 20 fs XUV pulses (Fig. 4) . In the field-free case, the spectrum consists of contributions from nine different, partially overlapping Auger lines (cf. [26] ) with their individual widths being dominated by the detector resolution of typically 0.5 eV as compared to the natural linewidth of 0.1 eV. In order to investigate the influence of PCI on THz streaking, Auger spectra were additionally taken close to a zero-crossing of the kinetic energy shift. The electron kinetic energy analysis with two time-of-flight detectors oriented in opposite directions along the THz and XUV polarization (see [12] ) makes it possible to simultaneously record spectra at the ascending and at the descending slope of the kinetic energy shift, thus guaranteeing exactly identical streaking fields for both cases.
For a quantitative comparison with the experiments, the above simple one-dimensional model of FAPCI has to be extended to account for the experimental XUV pulse durations and line shapes as well as for the angular distributions of the (undisturbed) AE and PE. To this end, extensive molecular dynamics simulations with proper averaging over the initial momenta p p and p A and release   FIG. 3 (color) . Series of kinetic energy spectra of Xe 4d photoelectrons and Auger electrons formed after absorption of XUV photons in the presence of a terahertz field with a variable time delay. Data are recorded with the accelerator-based terahertz-field-driven streak camera at field strengths of 120 kV=cm. Note that the ascending (descending) slope of the kinetic energy shift corresponds to the descending (ascending) slope of the streaking vector potential. Marked in white are the FWHM widths of Gaussian functions fitted to the Auger lines of the spectra indicated by the white arrows. The corresponding width uncertainties are 0.03 eV.
times t p and A utilizing Monte Carlo algorithms were performed that take all e-e and e-i interactions fully into account. This semiclassical approach was found to agree well with solutions of the time-dependent Schrödinger equation with both laser fields and PCI included [27] that were carried out as described in Ref. [28] . Next the trajectories of molecular-dynamics-simulated electrons were propagated through a model of the time-of-flight spectrometer using the SIMION8 program [29] in order to take the detector resolution and angular acceptance into account. Each individual Auger line was then represented by one simulated spectrum with the relative amplitude and spectral position adjusted according to highly resolved spectra from [26] . In addition, a wedge-shaped background was added to these data in order to smoothly connect to the experimentally obtained values at the lowest and the highest energy part of the spectrum. The overall amplitude was adjusted for a better comparison of calculated and measured data. Finally, the streaked spectra had to be shifted slightly in energy, since the data were taken not exactly at the zero-crossing of the THz vector potential.
The comparison of experiment and simulations is shown in Fig. 4 and reveals excellent agreement for xenon in the absence of a streaking field (a). With THz field included clear evidence of an increased spectral width at the ascending slope of the vector potential (c) compared to the descending slope (b) is observed consistently in the measurements and in the simulations. This strongly supports the interpretation of the results in terms of the FAPCI effect. In addition to the linewidth asymmetry, both experiment and theory reveal an energy shift of the spectrum measured at the ascending slope compared to the spectrum at the descending slope of about 0:1 AE 0:07 eV. For proving that the Auger-electron chirp is not a consequence of the XUV chirp, we have applied positively chirped HHG pulses instead of the negatively chirped pulses in Figs. 3 and 4. While the positive chirp was transferred to the photoelectrons by exhibiting a reversed linewidth asymmetry, the linewidth asymmetry of the Auger electrons remained unaffected. At the used photon energy of 91 eV, the Xe 4d PE energy is above 20 eV, such that the process of the AE overtaking the PE occurs relatively far from the ion. In order to further support our interpretation, we create a situation where this process takes place closer to the ion. To this end, Kr is used as the target medium, and the photon energy is increased to 97.5 eV (right column of Fig. 4) . In this case, the kinetic energy of the 3d 3=2 and 3d 5=2 PE is only 2.5 eV and 3.7 eV, respectively, and the AE kinetic energy is additionally increased [cf. Figs. 4(a) and 4(d)], thus drastically increasing p r in comparision to Xe NOO. Well in accordance with our model, the linewidth asymmetry of spectra recorded at the ascending (f) and the descending (e) slope, is now found to be considerably larger than before. Also the energy shift between the spectra measured at the ascending and at the descending slopes is increased to 0:4 AE 0:15 eV being a further indication for an enhanced influence of FAPCI in the Kr data (cf. Fig. 2 ). Given the fact that our detector resolution does not allow us to consider an isolated Auger line, the measured spectra are well represented by the simulation results. Residual deviations may result from the uncertainty of the XUV pulse duration measurement as well as from the slightly different natural linewidths of the different Auger lines contained in one spectrum [30] .
In summary, our measurements of THz-assisted Auger emission from Xe and Kr targets using two completely different XUV or THz light sources consistently confirm that AEs carry an energy chirp, if their kinetic energy is larger than the one of the primary PE. This general property rests on the correlated motion of both particles in the ion's Coulomb field and their ''collision'' at time t Ã at distance r Ã , at which they exchange an energy ÁE PCI . The dependence of the Auger-energy shift on the emission time imprints a nonlinear (hyperbolic) energy chirp onto the AE wave packet, which is not detectable in pure energy-domain measurements but becomes clearly visible upon streaking at opposite slopes of a THz vector potential. In spite of an obvious mismatch between the XUV pulse duration (20 fs for the HHG source) and the Auger decay time constant (7.9 fs for Kr [31] ), the predicted asymmetries are clearly resolved. Moreover, they remain discernible for rather fast PE, where energy-domain measurements do no longer reveal discernible PCI [6] . THz-assisted PCI therefore is able to resolve electronic correlation even at large distances from the ionic core; for the case of Xe, the collision process for an AE released at, for example, A ¼ 1 fs occurs at a (classical) distance of approximately 20 nm, i.e., 380 atomic radii. We finally note, that besides offering a novel tool for precisely studying details of electron correlation, our finding has immediate consequences for time metrology at pulsed XUVand X-ray sources. Spectral widths of electrons from light-assisted photoemission are evaluated for extracting information on pulse durations and in particular spectral chirps [3, 4, 11, 12] . At light sources with large spectral widths of the radiation, such as SASE FELs, the use of AE may result in an improved temporal resolution of the streak camera compared to measurements employing broad PE spectra. Our results indicate, however, that in the discussed regime of kinetic energies, FAPCI introduces significant distortions of spectral shapes, thus potentially leading to erroneous results. Therefore, if Auger decay is involved in such measurements, one either has to properly account for the FAPCI effect or the considered PE should be
